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ABSTRACT

The LeastMeanSquare(LMS) adaptve filter is a sim-
ple well behaed algorithmwhich is comnonly usedin
applicatios wherea systemhasto adap to its erviron-
ment. Architeduresincluding thedirect,transposednd
hybrid formsareexamninedin termsof thefollowing cri-
teria: speedpowerconsunptionandFPGAresouceus-
age. Both the transposednd hybrid forms, which are
derived from the delayedLMS, allow for higherspeeds
without significantincreasesin power or area. Results
for boththeseadapationsareindepemnlentof filter length
with the maximum speedof the 16 tap transposedorm
beingover 4 timesgreder thanthe speedf a 16 tap di-
rect form implemenation. For FPGA implemertation,
the transpsedform is optimal, as power and areaare
not significantlygreaterthanvalues found for the direct
form, despitethe higher maximumfrequeng. Even at
greatemunbersof taps,the maximumfrequency of the
transpsedform is not degraded,despitethe input data
busdriving anincreasedchumter of multipliers.

1 Intr oduction

A corefeatureof mary moden comnunicationsystems
is their ability to adap to their working environmer.
The technolagy at the heat of theseflexible systems
is an adapive digital filter i.e. a digital filter in which
the coeficients changein respomseto externd cues.To
date,sucharithmdic datapath have beenimplenented
using either digital signal processors(DSPs)or apgi-
cationspecificintegratedcircuits (ASICs). However as
techndogy hasadvarced,it is now concevabletoimple-
menthigh performarce arithmetic datap#hs on devices
suchasField Progammalte GateArrays (FPGA). This
paperexaminessomepossiblearchite¢uresof adaptie
filtersusingtheLMS algorithm ontheXilinx Virtex fam-
ily of FPGAs.

Figurel shavs ablock diagramof how anadaptve filter
canbe formulatedin an equalizersetting. In this case,
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the filter w is adaptig to produce an output sequence

d[n] whichis identicalto aknown outpu d[n]. Thefilter
w asbeingof FIR type,with p coeficients,i.e.

wy = w{twf2)..wlp]” 1)

Thesubscriph indicates thatthefilter coeficientsthem-
selesvary with time. The adaptatia algorithmcalcu-
latestheupdatebasednknowledge of theinput, andon
anerrorsignale[n]. During training, sucha signalcan
begeneatedby usingaknown trainingsequeneatboth
receverandtransmitter
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Figurel: Block diagramof anadaptve filter

The LeastMean Square(LMS) Algorithm is the most
widely usedtechniqe to find an updateequdion for the
systemshavn in Figurel.

For the LMS algorithm, the coeficient vecta update
equatiorbecones:

Wny1 = wn + pe[n]z(n] 2)

wheree[n] = djn] — d[n] ,andy is a scalarcalledstep-
size.

The LMS algorithm is a well-betaved algorithm which
providesanoptimalsolutionunderrelatively loosemath-
ematical conditiors. A further practical adwvartage
(which explains its widesprad usein communication



systemsyomesfrom thefactthatthe updatefor the kth
coeficient requres only onemultiplicationandonead-
dition.

2 Architeduresfor FIR filters

Finite ImpulseResponséFIR) filters have two canotical
forms calledthe directandtranspsedform[7, 6], illus-

tratedin Figures2 and3, wherea, b, ¢, andd arefixed
coeficients.
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Figure2: Directform implementation

In this form the limiting factoris whetherall multipli-
cationsandadditions canbe achievedin a single clock
cycle (allowing for setupandsettlingdelays). The crit-
ical pathscaledlinearly asa function of the nurmber of
taps,sofor longfilters the maximum clock frequengy is
severelylimited.

Thecritical pathof thisfilter canberedwedby atrans-
formationtechniqe knovn asretiming,(i.e. moving the
delayelementdn a circuit without changng the input-
outpu charactestics [7]). Applying this to Figure 2
givesthefollowing transposeémplementationshavn in
Figure3.

Figure3: Transpsedform implementation

In thisarchitectue, thecritical pathis reducedo asingle
multiply accumiate. A potentialprodemis thatthedata
bus hasto drive multiple inputs andthe capacitane of

thedatabuscanlimit perfomance.

It is possibleto achieve moduarity andavoid the criti-
cal pathlimitations of the canmical forms by usingso
calledhybrid architectues[7, 5, 1], wherethedelayreg-
istersare distributed betweenthe dataoutpu andinput

branctes. A basicthreetap modue of a hybrid form is

shavnin figure4. Themodularity in hybrid filters arises
from the fact thatthey canbe built usinga pipeline of

identical stages. A hyhrid filter of this type hasaddi-
tional benefitan thatit haszerolateng.
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3 Architecturesfor filters using LMS

The standard_MS algorithmas outlined in eqguation 2
canbeimplementedasshowvn in Figure 5.
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Figure5: Standad LMS Implenentation

The abore canamical realizationsof an FIR filter, al-

thoughfunctionally equivdent, do not perfam the same
operatimswhenthecoeficients vary, sosimpleretiming
asin thefixed coeficient casedoesnot work. Pipelin-
ing of this filter is madedifficult dueto the coeficient

feedbacKkoop[7]. An implementationof theLMS algo-
rithm which canbe retimedandpipelinedto give func-

tionally equivalert representationss the DelayedLMS

(DLMS) algorithm. This is implementedby inserting
registersalongthe filter anderrorfeedbak path[3, 2].

The DLMS removessomeof therestrictiors of the con-
ventioral LMS algorithm It slightly increasesthetrain-
ing time, but the benefitis that it allows the retiming
principleto beapplied. ThedelayedLMS weightupdate
equationis:

w(n + 1) = w(n) + pe(n — D)z(n — D)  (3)

An archite¢uralimplemenationof thisis shawvn in Fig-
ure 6 wherethe algorithmis split into theweightupdate



block andfilter block Applying retiming to this aswas
donein the caseof the FIR filters givesthe implemen-
tation shawvn in Figure 7. This transposedorm hasa
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Figure6: Directform DLMS structue

filter blockidenticalto thetranspsedFIR with fixedco-
efficientsshavn earlier Combiring thedirectandtrans-
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Figure7: Transpose®LMS

posedform of the DLMS give a hybrid structureshavn
in Figure8. In VLSI implemertation, hybiid formscan
be valuabe sincethey arefasterthandired forms and
caneasilybe pipelined Theintentionof this work was
to seeif similar remarls would apply for FPGAimple-
mentation

4 Implementation

A varigy of field programmaéle gatearrayarchitectues
areavailablefrom various verdors. We evaluateour de-
signsusingtheXilinx Virtex seriesasthis providesgood
low power, high complity performarce suitablefor
datapathopeations. In Virtex designsthe basicbuild-
ing block of eachconfiguablelogic block (CLB), which
contrikutesto providing thefunctional elementgor con-
structinglogic within the FPGA, is the logic cell (LC).
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a_
e o Lo Lo Lo
I A A A A
X X X X

Figure8: Hybrid DLMS

With the registerrich architectue, pipelining canoccur
atthisLC level. Wherearithneticfunctionsareto beim-

plementeddedicateatarrylogic providesfastarithmetic
carry capabilitiesfor high speedarithmetic functions.
TheVirtex CLB suppats two separatearrychairs (one
per slice), which allows the implemeration of ripple
carry adders(RCA) at minimal cost. To addtwo n bit

numbes with a carry save adcer we needn full addes

followedby n ripple carryadderd4]. Its highly regular

structuremalesit idealfor implementationonanFPGA.
Without the presencef dedcatedcarrylogic, it would

betoo slow dueto thefactthe outpu would have to rip-

ple throudh the full n RCAs. With the Virtex, lossesn

compaison with a muchfasteraddersuchasthe carry
look aheadadder(CLA) areminimal. This is alsodue
to the highly irreguar structue of the CLA which uses
a generateand a propagateterm to createthe carry It

requiresiogan logic levels asopposedto 2n logic lev-

elsin the caseof a carrysave adder Implementingboth
theseon a Virtex XCV100CE, gives a maxinmum combi-
nationalpathdelay of 14.35nsfor a 12 bit carry save

adderas oppesedto 17193rs with a 12 bit carry look

aheadadde. Theuseof carrysare arithmetic alsolends
itself to theimprovemen of multiplier structuresln ad-
dition , a dedicatedAND gatewithin an LC improves
the efficiency of multiplier implemenation. Investigat-
ing methals of power saving led to useof a Boothmul-

tiplier [4], which halvesthe numker of partial products
in themultiplier makingit fasterandsmaller

5 Results

Ourgoalis toinvestigae thetrade-df betweerthesevar
iouspossiblearchitectuesandcomparethemin termsof
maximumspeedrelative powverandresouceusage Fil-
tershave beenimplemenedusingfixed pointtwoscom-
plementinteger arithmetic.lnput/autputdataandcoefi-



cientsaretwelve bits wide andfilter lengthsinvestigated
arefour, eightand sixteentap. Input datawas limited
to integers in the range-5 to +5 ensurig no overflow.
A stepsize of the power of two is usedin thesefilters,
277 for thesetests,asit reduceghe scalingmultiplica-
tion to a shifting opeation. Verilog descriptims were
synthesisedbo thetarget FPGA - a Virtex XCV1000E8.
Table 1 shaws the achievable clock speeddor the de-

Tablel: Virtex Implemenation (post layout) resultsfor
systemclock rate(MHz)
| | Directform | Transmsedform | Hybrid Form |

4 22.98 48.20 39.22
8 18.13 47.33 40.31
16 11.15 47.63 39.10

sign. Systemperformane canreachup to 48MHz for

the transpsedform. Maximum frequenc/ remainsrel-
atively constantfor the transposedorm over 4, 8 and
16 taps,with a significantincreasdan speedover the di-
rectform. The critical pathis only oneadderandone
multiplier, indepemnlentof the numker of taps. In ASIC
designasthe numter of tapsis increasedn the trans-
posedorm, thecapacitancef theinputbuswould limit

its speedandthe adentagesof the hyhrid form, would
becone moreevident. However ascanbe seenfrom the

Table2: Areain termsof CLB’s
| | Direct | Transmse | Hybrid |

| 4taps | 667 | 680 | 678 |
| 8taps | 1403 | 1417 | 1408 |
[16taps| 2887 | 28% | 2893 |

resultsin Table1 this doesnot appearto be a problem
with FPGA implemeration for up to a 16 tapfilter. In
contrasthe performane of thedirectform implementa-
tion falls from almost23MHz for a 4 tapfilter to 11MHz
for a 16 tap filter dueto the extersionin critical path.
Thereis a 50% drop between4 and16 taps. The speed
in thetranspsedform is achieed at a slight expenseof
areawhichcanbeseenn Table2. Table3 indicateshe
estimategowerfor thedesignsonsideredTheirpower
was estimatedusingthe Xilinx Virtex Power estimator
WorksheetV.1.5 However thesefiguresrepresentesti-
mateddatath power only anddo not take into accoun
intercomectpowerwhichis usuallyfarmoresignifican.
Thehybrid form providesa compomisebetweerthedi-
rectandhybrid forms, ascanbe seenfrom Tables2 and
3.

6 Conclusion

In this paperalterndive implemerationsof the delayed
LMS adaptve algorithm areinvestigated. As expected,

Table3: CLB power for 16taps
| | Direct | Transpose| Hybrid |

[ CLB power [ 46mW | 48mW | 47mW |

thedired form implemerationis slowest,with its max-
imum frequeng falling asthecritical pathincreaseslin
contrastthe maxinum frequency of the transpsedand
hybrid formsareappoximatelyindependenbf thenum-
berof tapsdueto thefacttheircritical pathsarerestricted
to a fixed number of multipliers and adcers. Thepoten-
tial fan in capacitancdimited speedof the transposed
form, is nota factorfor filters of the sizewe have inves-
tigated. Thehybrid form perfamsquitewell in termsof
power consumgon and area,with its speedremairing
relatively constan over the full range of taps. Its mod-
ular structuregivesit a distinct adventagein terms of
speedover thedirectform structure Additional pipelin-
ing would furtherimprove resultsprovided anappopri-
ate pipelinedarchitectue waschosenso asnotto give
theinevitable huge increasein FPGAareawhich would
be expected. However, thereis no particularbenefitin
choosinghytbrid form implementationsin preferenceto
transposedorm for the casesnvesticated.
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